A near-infrared spectral reflectance system was developed and tested online to predict 14-day aged, cooked beef tenderness. A contact probe with a built-in tungsten-halogen light source supplied broadband light to the ribeye surface. Fiberoptics in the probe transmitted reflected light to a spectrometer with a spectral range of 400-2500 nm.
INTRODUCTION
Beef tenderness is a primary consideration in consumer satisfaction. Despite its significance as a quality indicator, tenderness is not a factor directly affecting product value for beef producers and packers. There is growing recognition that beef tenderness must be incorporated in the quality grading process if true value-based marketing is to take place. Developing instrumentation to predict tenderness was identified as a top priority for the beef industry by the National Cattlemen's Beef Association 1 . In the U.S. meat marketing system, beef products leave the packing plant at about 3-d post-mortem. It takes approximately 14 days for the beef products to reach the consumers. The beef industry has the need for an instrument that can scan fresh meat at 2-3 days post-mortem, and predict ultimate 14-d cooked-beef tenderness. Major challenges stem from variability in aging and cooking.
USDA beef quality grading
The primary method used today to classify carcasses into various palatability groups is USDA quality grading 2 . This method is implemented because it is a non-destructive, on-line method. Cost of USDA quality grading is approximately $55/hr/grader. USDA quality grading relies heavily on marbling as a predictor of palatability. However, the major share of U.S. beef falls into a narrow range of quality-grade variation. Roughly 80% of carcasses grade either USDA Select or Low Choice. Consumer dissatisfaction with eating quality of beef generally relates to carcasses within this range 1. The MARC Slice Shear Force system uses belt-driven, automated equipment to increase processing speed 4 . Shear-force values are obtained at three days post-mortem and regressed to predict shear force at 14 days postmortem. This method is very accurate at identifying beef that can be guaranteed tender. Because it is sampledestructive and relatively time-consuming, the system is not yet acceptable for on-line application. Perhaps the greatest drawback associated with this system is that it measures beef tenderness at early post-mortem. It does not take into account variation in tenderness associated with post-mortem aging.
2. Colorado State University, in collaboration with Hunter Associates Laboratory, Inc. (Reston, VA) developed the BeefCam system to predict beef tenderness. The CSU BeefCam is is a video image analysis system that acquires images of the ribeye and analyzes them to predict tenderness 5 . This method meets the criteria of being non-destructive and relatively fast.
Wulf and Page
6 developed a quality grade augmentation system that supplements current USDA Quality Grade Standards with Minolta colorimeter readings (L*a*b*), pH, and hump height to predict beef tenderness.
In a study supported by the NCBA 7 , these tenderness prediction technologies were tested and the following conclusions reached:
• Indirect, non-invasive methods to predict meat tenderness that are based primarily on lean color are not currently sufficiently accurate to warrant their use.
• BeefCam did not perform well in this study.
• The Colorimeter performed inconsistently, appearing not to be useful in USDA Select carcasses.
• The direct measure of tenderness provided by Slice Shear Force resulted in a more accurate identification of "tender" beef carcasses. Because this method is sample-destructive and time-consuming, it appears that industry acceptance of this technology is at a stand-still.
A sufficiently accurate non-destructive instrument to predict aged beef tenderness continues to elude the beef industry.
Near-infrared spectroscopy
Light reflected in the visible region of the spectrum gives an objective measurement of color of food objects, whereas light reflected in the near-infrared (NIR) region contains information about physical and chemical properties.
Contradictory results have been reported in the literature regarding the use of NIR for predicting beef tenderness. Some studies have been conducted with laboratory spectrometers with special requirements for sample preparation. Others have used fiber-optic reflectance probes that can be more easily used in a processing plant environment. In most studies, the NIR spectral scan and reference shear-force values were acquired at the same time, whereas few studies have used scans acquired at early post-mortem to predict ultimate tenderness. It is important to recognize these differences in order to understand the inconsistent results reported in the literature. In this section, literature on the use of NIR for predicting beef tenderness is critically reviewed.
Pioneering work
Work on NIR for predicting beef tenderness was pioneered by Mitsumoto et al 8 .
Limited samples were used in the study (11 steers with 6 muscles/steer). They collected spectral reflectance data (1100-2500 nm) on 3- 68. This study showed promise and aroused broad interest in using NIR for predicting beef tenderness.
Matforsk Norwegian Research Group
A series of studies were conducted in the Matforsk Norwegian Food Research Institute. Hildrum et al. 9 conducted a feasibility study with 10 carcasses (3 cows and 7 bulls) at 3 aging stages (1, 8 , and 14 days). They acquired scans in 1100-2500 nm range under controlled conditions requiring special sample preparation. All 30 spectra were used to build a 2-factor principal component regression (PCR) model with multiplicative scatter correction (MCS) data preprocessing. In continuation of the work, Hildrum et al. 10 used 40 carcasses (both cows and bulls) at 3 aging stages (1, 7, and 14 days). Thirty carcasses were chilled slowly, whereas 10 carcasses were subjected to electric stimulation and rapid chilling. Spectra were collected from fresh samples and frozen/thawed samples. It is interesting to note that the NIR spectra collected from frozen/thawed samples predicted WBS values more accurately (R 2 = 0.50) than those collected from the fresh state (R 2 = 0.34). Authors speculated that the freezing step increased the difference in structure between tender and tough samples. Note that the model predicted current WBS values rather than forecasting the future WBS values.
Rodbotten et al. 11 studied the feasibility of using early (4-and 26-hour) post-mortem NIR spectroscopy to predict 2-d and 7-d WBS values from 127 carcasses. Spectra recorded at 4-h and 26-h post-mortem exhibited some differences in 1100-1900 nm range. The rigor mortis process starts at about 4-h post-mortem and ends before 26 hours. The authors hypothesized that the difference between the two spectra collected at beginning and end of rigor mortis is related to the aging potential of the carcasses. However, they found that spectra difference did not contain essential information to predict final tenderness of aged samples. Partial least squares (PLS) models with MSC preprocessing of 4-h NIR spectra predicted 2-and 7-d WBS with R 2 values of 0.25 and 0.27, respectively. Models based on 26-h spectra predicted 2-and 7-d WBS with R 2 values of 0.36 and 0.37, respectively. They concluded that their study did not support that early post-mortem NIR spectroscopy can be used as a predictor of final tenderness.
Rodbotten et al. 12 used a spectrometer (950-1700 nm) equipped with a diode array detector to predict tenderness of 12 carcasses. Most traditional NIR spectrometers use grating and require scanning to acquire complete spectra. Diodearray based spectrometers acquire the entire spectra without scanning, and therefore acquisition is rapid. They were able to acquire 150 spectra to cover the entire surface of a sample on both sides in 7 s. Four samples were collected from each carcass. NIR spectra and WBS were recorded at 2, 9, and 21 days post-mortem. Separate models for different aging periods for predicting current tenderness produced R 2 value of 0.36-0.69. With regard to forecasting tenderness, a 2-d spectra model predicted 9-d WBS with moderate accuracy (R 2 = 0.52). Less accuracy was reported for forecasting 21-d WBS (R 2 = 0.27). No special sample preparation was required for this spectrometer.
Teagasc Irish research group
Byrne et al. 13 used a scanning spectrometer (750-1098 nm) equipped with a fiber optic probe to predict beef tenderness of 70 heifers. Due to a change in lamp during the course of this study, two separate models were developed using 20 and 50 samples, respectively. Only the results of second set are described here. A 10-factor model based on 1-d spectra predicted 14-d WBS with R 2 = 0.68, whereas other models based on 2-, 7-, and 14-d spectra predicted less accurately (R 2 = 0.20 -0.45). This result is intriguing, because 1-d spectra were able to predict 14-d WBS values more accurately than 14-d spectra. This is contrary to expectation, because a 1-d spectrum is forecasting the tenderness of meat, which involves the variability of aging, whereas a 14-d spectrum predicts the current tenderness. Even the prediction accuracies of models based on 1-d and 2-d spectra were considerably different. NIR readings and WBS values were collected on different steaks from the same carcasses. The authors suggested that the collecting NIR readings and WBS values from the same meat sample would improve the accuracy.
Continuing the above work, Venel et al.
14 acquired NIR spectra (750-1098 nm) on longissimus dorsi (l.d.) and semimembranosus muscles from 75 animals. Considering the suggesion made by Byrne et al. 13 , the site of spectral measurement was marked with a scalpel, and WBS values were collected on the exact same site. Spectra and WBS values were collected only at 14-d post mortem. NIR was unable to predict tenderness for semimembranosus muscle. For l.d. muscle, R 2 values for tenderness prediction ranged from 0.27-0.33. When separate models were developed for each segregation of samples based on sex, grade, and pH, R 2 values of prediction ranged from 0.15-0.54.
Other works
Park et al. 15 collected NIR spectra (1100-2498 nm) and WBS values on frozen and thawed samples at either 7-or 14-d post mortem on 119 samples. Special sample preparation was required. They developed a 6-factor PLS model to predict tenderness with R 2 values of 0.67 and 0.63 for calibration (n=80) and validation (n=39) sets, respectively. Note that 7-d spectra predicted 7-d WBS values and 14-d spectra predicted 14-d WBS values. Hildrum et al. 10 reported that the spectra collected on the samples that were frozen/thawed predicted WBS values more accurately than those collected on fresh samples. However, the samples will not be frozen and thawed in industry application. To summarize, several studies reported moderate to promising results in regards to predicting current status of tenderness 8, 9, 10, 12, 15, 16 . Only one study (Byrne et al. 13 ) reported success in forecasting tenderness. However, the other study from the same research group (Venel et al. 13 ) reported failure in predicting current tenderness. Three studies reported failures in forecasting tenderness 11, 12, 17 .
Objectives
The overall objective of this study is to investigate the feasibility of using NIR spectral reflectance to predict tenderness in a packing-plant environment. Specific objectives were:
• Develop a portable system to collect near-infrared spectral reflectance values from fresh meat at 3-d postmortem in a packing plant environment.
• Develop chemometric models to relate spectral reflectance to 14-d shear-force tenderness.
• Evaluate the system in a packing plant environment.
MATERIALS & METHODS

Meat samples
Beef ribeye roll samples (n=768) were collected from two regional packing plants (n=304, Sam Kane's, Corpus Christi, TX; and n=464 Excel Packing, Plainview, TX). Quality grades of the tested carcasses were 50% USDA Select and 50% Low Choice. This project was conducted in three phases. In Phase I (Laboratory Scanning), carcasses (n=292) were selected at the USDA grading station (approximately 48 h postmortem). Carcasses that was identified and selected were individually railed off onto separate rails by USDA quality grade. Approximately 100 carcasses per grade per plant were selected. Carcass grade data factors such as preliminary yield grade, adjusted fat thickness, ribeye area, kidney, pelvic, and heart fat percentage, lean maturity, skeletal maturity, marbling score, and quality grade as evaluated and stamped by USDA grader were collected. Hot carcass weight and carcass identification numbers were recorded from plant tags.
Following grade data collection, all carcasses were fabricated. Individually identified ribeye rolls (IMPS# 112) were collected, vacuum-packaged, and packed into ice chests with ice packs and transported back to the Oklahoma State University (OSU) Food and Agricultural Products Research Center. At approximately 72 h postmortem, a one-inch steak (2.54 cm) was cut from the anterior end using a band saw, individually identified, placed on a plastic tray, and allowed to "bloom" for 30 minutes. After pH and color (L*a*b*) values were collected, trays were transported to the OSU Biosystems & Agricultural Engineering Machine Vision Laboratory for spectral scanning under controlled conditions. The steaks were brought back and vacuum-packaged, aged for 14 days, and then frozen (-2.0ºC) for later shear-force measurements. After thawing, steaks were cooked, chilled for 24 hours, and then slice-shear force values were measured. Slice-shear force was used as tenderness reference (refer to Section 2.4)
In Phase II, carcasses (n=276) from two commercial plants were selected at the grading stand and railed off onto separate rails by USDA Quality grade. In-plant scanning was performed on each carcass (n=100, USDA Choice; n=100, USDA Select). Carcass grade and shear data were collected, and Phase I procedures were followed. The concluding portion of the project (Phase III) consisted of third-party verification that consisted of in-plant scanning and sending the scanned ribeye steaks (n=200) along with predicted tenderness categories to the U.S. Meat Animal Research Center (MARC) in Clay Center, Nebraska for slice shear-force measurements. These tenderness ratings were established from the in-plant spectral scans obtained from within the two cooperating beef processing facilities. The MARC personnel have graciously agreed to cook each sample and perform a slice shear-force analysis on the verification samples.
NIR Spectrometer
The spectrometer (FiledSpec Pro JR, Analytical Spectral Devices, Inc., Boulder, CO) used in this study scans in the visible and NIR regions (400-2500 nm). It has a fiberoptic bundle probe which collects light reflected from the beef surface (Fig. 1) . The spectrometer is secured in a backpack, with a notebook computer supported in view of the operator (Fig. 2) . A broadband light must be supplied. A contact probe (Analytical Spectral Devices, Inc.) with a tungsten-halogen light bulb supplies the broadband light. The light source is powered by DC power from the spectrometer and therefore the light is stable. The fiberoptic cable from the spectrometer is connected to the contact probe by a clamp. The geometry of fiberoptic probe and light source from the beef surface is fixed.2.3.
Reflectance
Optimization of integration time is accomplished by placing the contact probe on a white reference plate (Spectralon Diffuse Reflectance Targets, LabSphere, Inc., North Sutton, NH). A white reference spectrum was collected every 5 minutes during carcass spectral collections. To avoid soiling the white plate, a 1/16" thick cover plate made of fused quartz borosilicate (Technical Glass Products, Painesville Twp., OH) was attached. This material has more than 90% transmission over the spectral range of interest.
To ensure similar scanning conditions, a glass plate with same specification was placed on the contact probe when the reflected spectrum from sample was collected. This glass plate was attached to a collar for easy attachment to the contact probe. Note that this collar with glass plate was removed while recording white reference readings. For a given scan, 10 spectra were collected consecutively and averaged to reduce noise. Three spectra were collected at 3 locations near the lateral end of the ribeye in an effort to avoid connective tissue. The median of three spectra was calculated and saved as a reflectance spectrum for that sample. Calculating the median avoids outlier data points due to a thick marbling spot or connective tissue. . A larger sample was taken from the steak at a fixed location at a 45° angle. This procedure produces better repeatability than WBS method. The slice shear method was used as the tenderness reference in this study.
Slice shear measurement
Steaks for slice shear force assessment were thawed for 24 hours at 1 to 2° C and cooked on a belt-fed impingement oven (Model 1132-000-A, Lincoln Foodservice Products, Inc., Fort Wayne, IN). Preliminary test cooking was done to determine appropriate cooking times to reach 71° C internal temperature. Slice shear force was measured after the cooked steaks were allowed to chill for 24 hours at 4ºC. Using the procedures outlined by Shackelford et al. 4 , a first cut was made 1 cm from the lateral end of the cooked steak. The second cut was made at 5 cm from the first cut. The slice shear sample was removed at an angle of 45° using a knife with two parallel blades separated by a 1-cm space. This procedure generated a cooked meat sample measuring 5 cm in length by 1 cm in thickness and 2.5 cm in width. This sample location was selected so that limited connective tissue would be located within the slice shear sample. Slice shear force was measured using a flat, blunt-end blade (slice shear attachment) attached to an Instron Universal Testing Machine (Instron Corp, Canton, MA). Force required to shear the muscle fibers of the slice was recorded as a slice shear force. Higher slice shear-force values indicated "tougher" beef.
Model development
This is a multivariate data analysis problem. Each spectrum has 2,150 data points or independent variables. The slice shear-force is the dependent variable. Dimensionality reduction technique must be employed to avoid over-fitting. Partial least square (PLS) regression was used. PLS produces new features that are linear combinations of original spectral data points such that the new factors are not correlated and explains most of the variation in both dependent and independent variables (Camo 18 ). Absorbance spectra in the region of 400-1650 nm were used to predict slice shearforce. Signal strength reflected beyond 1650 nm was too low. The model was developed in the Unscrambler software (Camo, Inc., Corvallis, OR). Cross-validation procedure 19 was employed to select the number of PLS factors included in the models.
Evaluation of Statistical Model
Our evaluation of system performance followed procedures described by Wheeler et al. 7 . They assessed performance of three instrumented tenderness prediction systems on the basis of progressive certification of steak sample "tenderness" in 10% certification increments. We classified any steaks with 14-d slice shear force greater than 25 kg as "tough" and the rest as "tender." In the description that follows, "observed values" refers to the reference slice shear-force values. "Predicted values" refers to the 14-d shear force predicted by the spectral reflectance system. Samples were first sorted and ordered on the basis of predicted values. For 10% certification levels, 10% of the steaks having the lowest predicted values were classified into a "certified tender" group and the remaining into a "not certified tender" group. The mean observed slice shear force values were compared for the two groups using a 't' test for independent samples (α = 0.05). First, equality of variance for the two groups was tested. If the variances were equal, a pooled variance estimate was used in the 't' test. If the variances were not equal, Satterthwaite approximation was used to estimate the variance. When there was a significant difference in mean observed shear-force values between the two groups, we concluded that the spectral reflectance system had successfully sorted the "tender" from the "tough" samples at that certification level. Any "tough" sample (observed 14-d slice shear force value ≥ 25 kg) in the "certified tender" group was an error. This procedure was repeated for certification levels up to 90%, in 10% increments. A 100% certification level signified classifying as "tough" (without sorting) all samples with observed 14-d slice shear-force values greater than 25 kg.
RESULTS & DISCUSSION
Meat Samples
Simple carcass characteristics of the population utilized in all phases is overviewed in Table 1 . 
NIR Readings
In general, tough meat absorbed more light than tender meat. This is in agreement with previous studies 12, 17 . Beyond 1,400 nm, the signal level is low due to water absorption. The reflectance (R) spectrum is converted to absorbance spectrum by log (1/R) transformation. This transformation is commonly employed to linearize the relationship between the concentration of an absorbing compound and the absorption spectrum 20 . The absorption spectrum is shown in Fig.3 . The spectra recorded in the laboratory were slightly different from those recorded in the packing plant due to different environmental conditions. Therefore, the model developed for Phase II samples acquired in the plant was used to predict slice shear force values for samples in Phase III. A 1-factor PLS model was found to be optimum. The correlation coefficient between the observed and predicted values was 0.34. Standard error of calibration and prediction were both 4.17 kg. Note that slice shear-force values greater than 25 kg are considered as tough carcasses. Table 2 . shows the mean shear-force values of "certified tender" and "not certified tender" groups at various certification levels. Significant differences at all certification levels would indicate that the system sorted the carcasses into 2 groups successfully. *Difference between "certified tender" and "not certified tender" was significant (P < 0.05). Table 3 . shows the certification table for Phase III (validation) samples. At 20% certification level, the means of two categories were different with p = 0.06. The number of samples in the "certified tender" group was 40 and the "not certified tender" group was 160. This large difference in sample sizes of two groups can cause problems in significance analysis. Also, the p-value (0.06) is close to the significance level (α = 0.05) and therefore can be considered as significant for practical purposes. Up to 70% certification levels, significant differences were observed, meaning that the system sorted the tough from tender carcasses successfully. The implication is that if we remove the top 30% of carcasses sorted 'tough' by this system, the remaining 70% carcasses can be sold as guaranteed "tender" for premium markets such as restaurants. 
CONCLUSIONS
An NIR spectral reflectance system with contact probe was developed and evaluated on-line. The contact probe provided a stable broadband light and fixed the geometry of light and fiberoptic probe in relation to the meat surface.
Spectral reflectance values were collected at 3-d post-mortem and were used to forecast 14-d slice shear-force tenderness values. A low correlation coefficient between the observed and predicted slice shear force values indicated that the system did not predict exact tenderness values with high accuracy. However, the system was able to sort the carcasses into tenderness categories with high accuracy. Up to 70% certification levels, the system sorted the carcasses into 2 categories successfully. The practical implication to the beef industry is that the lower 70% certified tender carcasses could be sold as "guaranteed tender" to premium markets like restaurants.
